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While OPV offers great promise as a low-cost renewable energy source, the relatively low 
efficiency still challenges its commercialization potential. SQ dyes offer significant potential as a 
light-absorbing layer in OPV because of their high extinction coefficient, broad spectral absorption, 
and ease of tuning the chemical structure and packing motif. Devices incorporating SQ dyes, however, 
have shown low PCE. In this preliminary work, we seek to explore the relationship between low power 
conversion efficiency (PCE) of Squaraine (SQ) related Organic Photovoltaics (OPV) systems and the 
formation of aggregates with the help of mixed SQs in ternary blends.  Four aniline based SQ 
molecules, - DBSQ(OH)2 (2,4-Bis[4-(N,N-dibutylamino)-2,6-dihydroxyphenyl] Squaraine), 
DiPSQ(OH)2 (2,4-Bis[4-(N,N-diisopentylamino)-2,6-dihydroxyphenyl] Squaraine), DiBSQ(OH)2  
(2,4-Bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] Squaraine),  and DHSQ(OH)2 (2,4-Bis[4-
(N,N-dihexylamino)-2,6-dihydroxyphenyl] Squaraine), with two different packing motifs were 
investigated.  DBSQ(OH)2 and DHSQ(OH)2 align in a slip stacked packing,  DiBSQ(OH)2  aligns in 
herringbone packing while DiPSQ(OH)2 is expected to align in herringbone packing. In binary SQ-
PCBM [Phenyl-C61 butyric acid and methyl ester] devices, PCE of SQs with PCBM in the order of 
DBSQ(OH)2 [3.34%] > DHSQ(OH)2 [2.42%] > DiBSQ(OH)2 [1.44%] > DiPSQ(OH)2 [1.27%] were 
achieved. All ternary blends showed disruption in aggregation, which increased the PCE. 
[DBSQ(OH)2: DHSQ(OH)2: PCBM] showed an increase of 12.57% in efficiency from binary 
[DBSQ(OH)2: PCBM] blend. [DiBSQ(OH)2: DiPSQ(OH)2: PCBM] showed an increase of 42.30% 
from the binary DiBSQ(OH)2 and PCBM blend. When SQs with different packing motifs 
([DBSQ(OH)2 and DiBSQ(OH)2] and [DHSQ(OH)2 and DiPSQ(OH)2]) were mixed with PCBM, the 
results showed an increase in efficiency in relation to herringbone packed SQs but were less efficient 
than the slip-stacked packed SQs. We provide a series of speculations and interpretations to explain 
such behaviour of SQs on PCE of SQ based devices. We conclude that the mixing of SQs with similar 
 
 
packing motif has a positive impact on the efficiency of the devices. Furthermore, suggestions for 
follow-up work are implied given that a thorough treatment of the results is beyond the scope of the 
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Chapter 1- Introduction 
Fossil fuels are currently the world’s predominant energy source [1][2][3]. They have been the 
principal driver for global economic development over the past century [4]. Over-consumption of fossil 
fuels, however, has led to grave environmental issues such as global warming. Combustion of fossil 
fuels results in the release of several harmful gases like carbon dioxide, nitrogen dioxide, carbon 
monoxide, sulfur dioxide, and many more which can have severe consequences on habitats [4][5]. 
Furthermore, extraction, transportation, generation of energy, and waste management process, are all 
capital-intensive steps and have a substantial social cost in terms of the hazard to public health and 
environment [4][6]. To overcome these challenges, scientific research for inexpensive, sustainable 
energy sources is encouraged. Solar energy has the potential to become the main source of energy in 
the future as it is reliable, free, clean, and infinitely renewable [7]. This simple realization is the 
incentive behind solar power.  
 
Figure 1- Chart showing the best efficiencies achieved by various subfamilies of photovoltaic 
devices since 1976. Reprinted from reference [8]- Public domain. 
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The Solar cells research can be categorized into three broad categories: reducing the cost and 
increasing the efficiency of the solar cells to effectively compete with other energy sources; developing 
new technologies based on new solar cells engineered designs and developing new materials to serve 
as a more efficient energy converter (light energy into electrical energy). Solar cell development and 
technologies have improved since the early 1970s (figure 1). The figure shows various subgroups of 
solar cell devices. The slope of each subgroup is representative of how rapidly the record efficiencies 
of that technology are improving - a higher slope indicates a higher increase in efficiency over time. 
Looking at the base of Figure 1, we can see the subgroup of solar cells known as OPV or Organic 
Photovoltaics. OPV are relatively new members of the solar cell family, which were first introduced 
in the early 1990s, with research gaining impetus since the early 2000s. Except for dye-sensitized solar 
cells, each line representing organic photovoltaics has a higher overall slope than any other family of 
the solar cell [8]. The higher overall slope is the primary property of OPVs, which makes them a 
promising material for solar cell devices. 
1.1  Importance and Benefits of Organic Photovoltaics  
Organic Photovoltaic devices convert solar energy into electrical energy. They aim to provide an 
Earth-abundant and low energy production photovoltaic solution. Theoretically, OPV technology has 
the potential to provide electricity at a lower cost than first- and second-generation solar technologies.  
OPV technology is particularly appealing to the building-integrated PV market because various 
absorbers can be used to create colored and transparent OPV devices [9][10]. 
Although OPVs show great promise as a low-cost renewable energy source, their relatively low 
efficiency still challenges the commercialization capabilities [11][12]. Solution-processed organic 
photovoltaic devices are attractive because they promise low-cost, flexible solar energy harvesting 
devices [11][12[[13]. There is no restriction on the size and shape of OPV devices, and every conceivable 
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shape and form can be fabricated. Other families of solar cells require costly and time-consuming steps 
to grow the crystals which comprise the majority of the cell and impurities in which have a severe 
impact on the final efficiency of the cell [14] [15].  Furthermore, OPV thin films show high absorption 
coefficients exceeding up to 105cm-1. This property makes them suitable chromophores for 
optoelectronic applications. Also, the electronic bandgap of an organic semiconductor can be 
manipulated by chemical synthesis, and its effect is seen on solar cell device efficiency [16].  
1.2 Structure of an OPV device 
     
Figure 2-  (a) Schematic device structure for bulk heterojunction solar cells. (b) A schematic 
illustration of an organic cell energy levels.  
 The general schematic used for an organic solar cell is based on a sandwich structure, i.e., an 
electron donor material and an electron acceptor material are caught between two electrodes (Figure 
2(a)) [17]. Glass is used as a substrate, which is covered with a conducting transparent electrode, which 
in this case is indium tin oxide (ITO). Molybdenum Trioxide (MoO3 ) is then evaporated on the ITO 
coated glass substrates. It improves the surface of the ITO layer and acts as an electron blocking layer 
owing to its similar energy levels as the LUMO of the donor material (figure 2(b)) [18][19][20]. MoO3 
layer also provides an ohmic contact between the active layer and the metal electrode. The active layer 























respectively. This layer is coated on the MoO3 layer by a spin-casting technique. Then the top metal 
cathode, typically a lower work-function metal (as compared to ITO), such as aluminium, is 
evaporated onto the substrate [15] [17]. 
1.3 Mechanism of Charge Generation Solar Cells and Working of the Device 
It is important to understand how solar cell devices work to improve the efficiency of these devices. 
Four fundamental steps explain the method of converting light to electricity by an OPV device: (1) 
Absorption, (2) Exciton diffusion, (3) Charge transfer and (4) Charge collection [21][22]. All these 
processes take place in the active layer of the device.  
1.3.1  Absorption 
 
Figure 3 : (a) Absorption in the active layer (schematic)   (b) energy levels of the donor during 
absorption 
The light from the sun reaches the active layer through the glass, transparent ITO layer, and MoO3. 
An excited state is created when photons from the light are absorbed by the active layer material 
(Figure 3(a)). The process involves an electron from the highest occupied molecular orbital (HOMO) 
of the donor gets excited into the lowest unoccupied molecular orbital (LUMO) of the donor (Figure 
3(b)) [21][22]. This excited state is an exciton- a bound state of an electron and hole which are attracted 




binding energy that is significantly larger than the thermal energy at room temperature, in the range 
of 0.2 ~ 1 eV [23]. Thus, these electrons will eventually decay back via radiative or non-radiative 
pathways without proper separation techniques. To overcome the binding energy, two types of organic 
materials are used with different HOMO and LUMO are mixed to form donor-acceptor 
heterojunctions. At the interface, the exciton diffusion and charge transfer process take place.  
1.3.2 Exciton diffusion and Charge Transfer                       
 
Figure 4: (a)Exciton Diffusion (schematic)  (b) Charge separation and transfer (schematic) (c) energy 
levels of donor and acceptor during charge transfer 
For the electron-hole separation to occur, the exciton diffuses to the bulk heterojunction interface 
between the donor and acceptor (Figure 4(a)). Exciton diffusion leads to the separation of charges at 
the bulk heterojunction surface (Figure 4(b)). At that interface, due to the LUMO energy level of the 
acceptor being lower than the LUMO energy of the donor, the electron of the donor molecule relaxes 
over to the LUMO of the acceptor molecule (Figure 4(c)) [21][22]. 
1.3.3 Charge Collection  
  Finally, the charges diffuse to the electrodes as a result of a concentration gradient of opposite 
charges and are ultimately extracted into the external circuit [21][22]. Each of these processes can be 





1.4 Efficiency of OPV devices 
Efficiency is the most commonly used parameter to compare the performance of solar cells to one 
another. Efficiency is defined as the ratio of the energy output from the solar cell to the input energy 
from the sun. The efficiency also depends on the spectrum and intensity of the incident sunlight and 
the temperature of the solar cell. Therefore, the conditions under which efficiency is measured must 
be carefully controlled to compare the performance of the individual devices [24]. 
External Quantum Efficiency (EQE) is defined as the ratio of the number of electrons generated 
from the device per wavelength area to the number of photons hitting the device per wavelength per 
area. The efficiency of the device can also be expressed as the product of individual efficiencies for 
each step involved in the process (equation 1) [25]: 
𝜂𝐸𝑄𝐸 = 𝜂𝐴𝐵𝑆 ∙ 𝜂𝐸𝐷 ∙ 𝜂𝐶𝐷 ∙ 𝜂𝐶𝑇 ∙ 𝜂𝐶𝐶               Equation 1 
The absorption efficiency or 𝜂𝐴𝐵𝑆 is defined as the ratio of the number of photons absorbed to the 
number of photons that hits the device during solar irradiation. 𝜂𝐴𝐵𝑆 is dependent on two factors: 
absorptivity/extinction coefficient and absorption bandwidth. Absorptivity indicates the probability 
of absorption of a photon by the molecule at each wavelength. Beer-Lambert’s law (equation 2) relates 
the absorption of the light to the absorptivity of the material through which the light is travelling. In 
Equation 2, A is the absorption of light, 𝜀 is the absorptivity of the material, c is the concentration of 
the material and l is the path length.  
𝑨 =  𝛆𝐜𝐥          Equation 2 
Therefore, to optimize 𝜂𝐴𝐵𝑆, the material should have high absorptivity. Organic materials 
generally have high absorptivity of the order of 104 ~ 105cm-1, which indicates that only a small amount 




Figure 5: Photon flux of solar radiation as a function of wavelength (blue) and the percentage of the 
cumulative photons (green). Reprinted with permission from [26]. Copyright (2010) Energy and 
Environmental Science. 
Absorption bandwidth can be defined as the wavelength range over which active materials can 
absorb. As seen in the spectrum of photon flux of solar radiation (Figure 5), there are more photons in 
the near IR region of the solar spectrum than in the visible region [26], and that is the reason why the 
near-infrared absorption is valuable. Usually, organic materials have a narrow absorption band. 
Therefore, many efforts have been made to synthesize materials that can absorb over a broad 
wavelength range. Efforts are also directed towards stacking multiple layers (organic tandem solar 
cells) or blend more than two types of materials in the active layer with complementary absorption 
spectra for more efficient photon harvesting.  
The exciton diffusion quantum efficiency or 𝜂𝐸𝐷 is defined as the efficiency for the exciton to 
successfully diffuse to the heterojunction interface before it decays back to the ground state. One 
contributing factor for 𝜂𝐸𝐷 of organic semiconductors is the exciton diffusion length (LD). LD is 
defined as the average distance an exciton can move in a neat bulk material before it is deactivated 
spontaneously. The relationship between LD and 𝜂𝐸𝐷 is expressed by [25]:  
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𝜂𝐸𝐷 = e-d/LD           Equation 3   
where d is the distance between the exciton and the nearest surface. LD for organic semiconductor is 
typically measured to be of an order of 1~ 10 nm [27-29]. Equation 3 holds under the assumption that 
the exciton movement is a random walk with constant step size and is not affected by the electric field. 
As the exciton diffusion is random, the morphology of the active layer is important. The material must 
be linked at the nanoscale to be able to collect the excitons generated. Therefore, it is expected that 
large crystalline materials will have a higher exciton diffusion coefficient than the amorphous state of 
the same material. This theory has been proved true for several materials [27-31]. However, the exciton 
diffusion process is very complicated. It has been reported that exciton diffusion not only depends on 
the crystallinity of the material but also on the molecular orientation and packing geometry which are 
specific to individual molecules and structure [27][31-34].  Also, 𝜂𝐸𝐷 is considered to be ingrained in the 
Fӧrster Resonance Energy Transfer (FRET) Mechanism [35-36]. FRET is a mechanism describing the 
energy transfer between two light-sensitive molecules. It interacts through long-range dipole-dipole 
coupling [36].  The Fӧrster distance or the strength of the interaction depends on the overlap integral of 
the donor emission spectrum with the acceptor absorption spectrum and their molecular orientation 
[37-38].  
The charge dissociation efficiency or 𝜂𝐶𝐷 is defined as the efficiency of the solar cell to convert 
the neutral exciton into free charges. 𝜂𝐶𝐷 can also be described as the efficiency of conversion of a 
photon to an electron [39]. This step is driven by the energy difference between the LUMO of the donor 
material to the LUMO of the acceptor material. Generally, the energy difference of 0.2-0.5 eV is 
required for efficient charge dissociation [40]. The energy loss is unavoidable to overcome the exciton 
binding energy. Thus, for efficient charge dissociation, energy levels of donor and acceptor need to be 
regulated at appropriate levels.  
9 
 
The charge transfer efficiency or 𝜂𝐶T is related to the efficiency of the dissociation of the bound 
electron-hole pair across the interface. In this step, the bound electron-hole pair dissociates into a free 
charge from a charge transfer by complex overcoming the binding energy. The charge collection 
efficiency or 𝜂𝐶C is related to the efficiency of free charges reaching the electrode. 𝜂𝐶C  is affected by 
the recombination of charges at the donor-acceptor interface [41]. Once separated, the negative charges 
(electrons) move towards the lower work function electrode (in our experiment, Aluminum) and the 
positive charge (holes) move towards the higher work function electrode (ITO). To optimize 𝜂𝐶C, a 
buffer layer of MoO3 is evaporated between an active layer and electrodes.  
Overall PCE will suffer if any of the five mentioned steps are inefficient (equation 1). Thus, all 
five processes have to optimized simultaneously to maximize OPV efficiency.  
A current density-voltage (J-V) curve is a standard characterization measure of the efficiency of 
an OPV device (Figure 6). 
 
Figure 6: Current Vs. Voltage curve of an OPV device 
The key values of interest are JSC or the short circuit current, VOC or the open-circuit voltage, FF 
or the Fill Factor. These factors tell how the device is made. Power Conversion Efficiency (PCE- η) 
10 
 
of the device is therefore described mathematically in terms of these critical values (Error! Reference 
source not found.4) [42]:  
  𝑷𝑪𝑬 (𝜼) =
𝑽𝒐𝒄 × 𝑱𝒔𝒄 × 𝑭𝑭
𝑷𝒊𝒏𝒄𝒊𝒅𝒆𝒏𝒕
                Equation 4 
where Pincident is the power of the incident light.                                                                                               
1.4.1 JSC or the short circuit current density 
Jsc is the measure of current passing through the solar cell when the voltage across the solar 
cell is zero (i.e., when the solar cell is short-circuited). For an ideal solar cell, the short circuit current 
(Isc) and photocurrent are identical at most moderate resistive loss mechanisms. Therefore, short circuit 
current is the largest current that can be drawn from solar cells and is dependent on the area of the 
device. To remove this dependence, short circuit current density (Jsc in mA/cm
2) is often measured 
instead of short circuit current [24]. Several other factors can affect the Jsc of a device: 1) A change in 
the absorption, which may arise due to a change in morphology or crystallinity of the active layer, or 
a change in layer thickness. 2) A change in exciton diffusion efficiency; this is due to changes in the 
thickness, changes in the morphology or crystallinity of the active layer or changes in the phase 
separation and domain sizes [43]. 
1.4.2 Voc or the open-circuit voltage 
At zero current, the maximum voltage available from a solar cell is called the Voc 
[44].  Voc is 
related to the gap between the HOMO of the donor and the LUMO of the acceptor. Factors that can 
affect the VOC are 
[43]: 1) Change in the gap between the HOMO of the donor and the LUMO of the 
acceptor can be due to different donor (acceptor) materials or can also be due to changes in 
morphology or crystallinity of the active layer which leads to changes in the polarization energies [24]. 
2) Changes in the recombination rate, as at a given generation rate, a higher recombination rate due to 
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impurities and defects will decrease the amount of charge carrier which leads to decrease VOC 
[43]. 3) 
Shunt resistance due to noncontinuous layers and high surface roughness caused by crystalline 
materials will lead to a loss in VOC 
[43]
. 4) Change in charge generation rate, as high generation rate 
means higher charge carrier density which eventually will lead to high VOC 
[43]
. 
1.4.3 FF or the Fill factor 
FF is a parameter that determines power from a solar cell in agreement with Voc and Jsc. It is defined 
as a ratio of the maximum power of the solar cell to the product of Voc and Isc 
[24].  FF measures how 
well the device has been made by considering the microstructure of the device, which considers the 
squareness of the J-V curve [43]. From the curve, FF can be measured by Equation 5 [42]:  
𝑭𝑭 =  
𝑱𝒎 ×  𝑽𝒎
𝑱𝒔𝒄 × 𝑽𝒐𝒄
         Equation 5                               
where Jm is the current at the point where the curve is at its maximum power output and Vm is the 
voltage at the point where the curve is at its maximum power output, as seen in Figure 6.  
The FF is also affected by the series and the shunt resistances of the devices and by the 
recombination of charges. The series resistance is caused by the movement of current through the 
active layer, interfaces, junction of the solar cell. The main impact of series resistance is to reduce the 
FF, although excessively high values may also reduce the JSC as the series resistance alters the slope 
of the J-V curve near the VOC. The shunt resistance is usually due to manufacturing defects rather than 
poor solar cell design. It arises because of leakage of current across the junction [45]. The shunt 
resistance alters the slope of the J-V curve near the JSC. For an ideal cell, the series resistance should 
be 0, and the shunt resistance should go to infinity [24]. Other factors that can result in changes in the 
FF are [43]: 1) Changes in the carrier charge mobilities, as high charge mobilities will increase the 
chances for charge collection. Charge mobility can change due to different morphology or crystallinity 
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of the active layer. An imbalance of charge mobilities can also cause a lower FF. 2) If the active layer 
thickness is increased, a higher rate of recombination losses will result, which leads to lower FF. 3) 
An increase in the recombination will decrease the FF. 4) As the FF does depend on absorption 
intensities, it is affected by the change in overall absorption, which can be seen by the changes in the 
JSC. Therefore, to improve the efficiency of these devices, the JSC, VOC and the FF need to be increased 
as the efficiency is directly related to the JSC, VOC, and the FF as seen in Equation 4. 
1.5 Photophysical properties of organic photovoltaic material 
Some photophysical properties are important for understanding how the materials work in an OPV 
device. In this study, our goal is to draw connections between morphologies of the active layer and its 
effect on the photophysical properties and the device performance to help us better understand SQs 
for solar cell applications. 
Absorbance is very important as it is the first step in the process of converting solar energy into 
electricity. It tells us how efficiently the SQs are interacting with light. The more photons absorbed by 
the SQ; the more excited states will be generated in SQs. For any material to absorb many photons, it 
needs to have a high molar absorptivity and needs to absorb light over a wide range of photons. 
Another thing that can affect the absorption is the thickness of the active layer. The more the thickness, 
the more will be the absorption as the number of molecules will be more in the active layer.  
Another important property is the exciton diffusion length (LD). Excitons have very small 
lifetimes due to the proximity of the electron and hole [26]. So, the distance an exciton must travel to 
reach the interface of the donor and the acceptor during the lifetime of the excited state has to be small 
[46-47]. The diffusion of the exciton is random, which is why the morphology of the active layer is 
important [46-47].  Crystalline structures (thin films) do not have a plain and smooth morphology; they 
contain grains (domains). The grains must, therefore, be linked together at the nanoscale to be able to 
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collect and transport all of the excitons that are generated in the active layer but also not form too large 
of domains such that excitons cannot reach the interface. In other words, smaller domain sizes are 
favorable. An additional thing to consider is that high crystallinity is considered to be beneficial for 
exciton diffusion rate and charge capture [48]. The closer the molecules are to each other; the easier it 
will be for the charges to diffuse. 
The fluorescence lifetime is another key parameter. It is associated with the kinetics of the excited 
state of the molecule. This is the lifetime of an electron staying in the excited state before it relaxes 
back down to the ground state through fluorescence or other pathways. For an ideal material for OPV, 
the longer the excited state lifetime, the further the distance the exciton can travel through the active 
layer to the interface. This is an important property to keep in mind when thinking about Bulk 
heterojunction (BHJ) OPV. If the excited state lifetime is small, the exciton will not get to the interface 
to be separated into free charges [46-47].  
In conclusion, the properties of an ideal OPV material are high absorption molar coefficient, long 
excited-state lifetimes, ability to crystallize and absorption over a wide range of wavelengths. The 
properties will be different for solid-state compared to when these materials are in solution as in solid-
state the bonding interactions are stronger. These properties can further change when these materials 
crystallize.  
1.6 Materials in the active layer 
As the efficiency depends on the materials used in the active layer, it is therefore important to 
choose materials that will optimize these properties to improve device efficiency. The materials used 
in this study were Squaraine (SQ) derivatives as the donor and Phenyl-C61-butyric acid methyl ester 
(PCBM) as the acceptor. Although the use of non-fullerene acceptors has led to a recent increase in 
cell efficiency, fullerene derivatives, such as PC61BM or PC71BM, remain the standard acceptors for 
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developing efficient donor polymers, and small conjugated molecules [49-52] Small conjugated 
molecules like Squaraine (SQ) molecules show promising improvement in OPV. These have been 
greatly explored in this field due to the ease with which high-purity synthesis of materials can be 
realized and their high extinction coefficients in the near-infrared region [53-56]. Their packing structure 
and chemical tunability lead to a broad, solid-state panchromatic absorption spectrum. The high-yield 
synthesis,  high efficiency, and strong stability of SQ materials mark the potential of this material for 
commercialization of OPV [16][44]. 
1.6.1 Acceptor Material- Phenyl-C61-butyric acid and methyl ester (PCBM)  
 
Figure 7: Phenyl-C61-butyric acid methyl ester (PCBM) 
 PCBM (Figure 8) is a fullerene derivative of the C60 bucky-ball. It was first synthesized in the 
1990s by Fred Wudl’s group [57]. It is an electron acceptor material (works as n-type semiconductor) 
and is often used in solar cells or flexible electronics in conjugation with electron donor materials such 
as P3HT, SQs, etc. It is a more reasonable choice for an electron acceptor when compared with 
fullerenes because fullerenes are sparingly soluble. PCBM, however, is soluble in organic solvents 
[15][53]. 
One of the major reasons for choosing PCBM over any other electron donor is that its LUMO is 
lower than the LUMO of our donor material (figure 4 (b)) as that is an important requirement for the 
charge transfer process. The electron at the LUMO of the donor is thermodynamically driven to hop 
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over to the acceptor molecule. The hoping of an electron from the LUMO of the acceptor to the HOMO 
of the donor is energetically unfavorable due to a large offset between these two levels, according to 
Marcus theory [58]. The energy between the HOMO of the donor and LUMO of the acceptor defines 
the theoretical maximum open-circuit voltage of the OPV device as it represents the driving force for 
the electrons to the molecule it came from.  
1.6.2 Donor material- Squaraine 
 
Figure 8: Molecular Structure of Aniline-Based SQ Molecule. R = n-butyl, isopentyl, isobutyl and 
n-hexyl for DBSQ(OH)2, DiPSQ(OH)2, DiBSQ(OH)2 and DHSQ(OH)2 respectively. 
Squaraine (SQ) is a small molecule organic dye which is a 1, 3-disubstituted squaric acid derivative 
and was first synthesized in the 1960s (Figure- 9) [59]. They have continued to be studied for 
applications in bio-imaging fluorescence probes, photodynamic cancer therapy, chemo-sensors, their 
nonlinear absorption, and two-photon fluorescence properties and as a donor in OPV devices [60-64]. 
SQ dyes have been considered as promising donor materials for OPV cells because of their unique 
properties. They meet all the basic requirements for OPV materials. Several properties are as follows: 
1.6.2.1 High absorption coefficient 
SQ molecules contain an electron central four-membered ring and the two electron-donating 
groups in a donor-acceptor-donor conjugation (Figure 9). The very dense electron distribution on the 
central ring imparts a very high absorption coefficient of approximately 105cm-1 to these molecules, 
which exceeds that of almost all organic semiconductor materials [53][65]. 
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1.6.2.2 Band gaps and Molecular design 
The band gaps of SQ dyes can be tailored through molecular design. To the central base structure, 
any number of substituents can be added, whether symmetrical or asymmetrical side groups on either 
side of the ring, with the vast majority of the molecule, often sharing in conjugation and therefore 
planarity. By changing the length and extent of branching of the R-groups, as well as varying the 
number of hydroxyl groups on the benzene rings, one can vary the spectroscopic and electronic 
properties of SQs and their aggregates [53]. 
1.6.2.3 Molecular orbitals matching with the acceptor 
The LUMO and HOMO levels can be easily tuned to match with the acceptor (here, Fullerene- 
which has a lower LUMO than the LUMO of SQ). This ensures efficient charge separation. It has been 
recognized that fullerene derivatives can be used in OPV cells as they have complementary absorption 
in blue and green regions and thus the combination of SQ dyes and fullerenes covers the entire visible 
and NIR spectral range [53]. 
1.6.2.4 Intermolecular interaction and aggregation 
The absorption spectra of SQ dyes in a solid-state film are broadened and red-shifted to the near-
infrared (NIR) wavelength range as compared to those in the solution phase. This property of SQs 
absorbing the NIR wavelengths along with the visible range wavelength makes SQ dyes more efficient 
light-harvesting materials as the absorption range is increased. The aggregation behaviors are very 
sensitive as processing parameters that offer an opportunity to tune the film morphologies of SQ 




1.7 Aggregation and Intermolecular Charge Transfer (ICT) States  
1.7.1 Aggregation 
Absorption and emission of light require molecules in a material to attain an excited state and then 
lose energy from the excited state in a particular way. The quantum mechanical rules and transition 
dipole moment help predict whether the transition to the excited state is possible. Molecules (dipole) 
can only fundamentally arrange themselves in two different ways:  parallel and head-to-tail. They can 
arrange themselves in any other random motion as well, but in principle, they resolve themselves to 
form either lateral or vertical stacking [66] which gives rise to two types of aggregation: H – aggregation 
(parallel) or J- aggregation (head-to-tail stacking). H-aggregates are usually blue-shifted when 
compared to the monomer band of the solution spectrum, and J-aggregates are red-shifted when 
compared to the monomer band of the solution spectrum [66] [67].  This can be explained by the exciton 
coupling theory, which describes the coupling of transition dipole moments when two molecules are 
brought together [66].    
1.7.1.1 H- And J- aggregates 
 
Figure 9: H- and J- Aggregates. Drawn from the information extracted from [66]. Copyright (2016) 




The H-aggregate arises when monomer units align themselves with parallel transition dipoles [66]. 
The left side of figure 11 shows the H-aggregate energy level diagram. All double arrows show the 
transition dipole moment for the molecular electronic transition. The transition from the ground state 
is only allowed when the sum of the transition dipole moment is not zero. Therefore, for the out of 
phase diagram, corresponding to lower energy state (B), the dipole moment cancels out due to 
opposing monomer dipoles and thus is a forbidden transition. Whereas for the in-phase diagram (A), 
the transition dipole moments add up due to the aligning monomer dipoles and therefore, this is an 
allowed transition. Due to this, only the higher transition (A) is seen which corresponds to the H-
aggregate and is blue-shifted from the monomer peak.  
Similarly, the J-aggregate arises when monomer units align itself with head-to-toe transition 
dipoles [66]. The right side of figure 11 shows the J-aggregate. The double arrows show the transition 
dipole moment for the molecular electronic transition. The transition from the ground state is only 
allowed when the sum of the transition dipole moment is not zero. Therefore, for the in-phase diagram, 
corresponding to lower energy state (B’), the dipole moment adds up, due to their alignment and 
therefore is an allowed transition. Whereas for the out of phase diagram (A’), the transition dipole 
moments cancel out due to opposing monomer dipoles and thus is a forbidden transition. Due to this, 
only the lower transition (B’) is seen which corresponds to the J-aggregate and is red-shifted from the 
monomer peak.  
As mentioned, one of the peaks in the absorbance spectra of thin-film SQ is blue-shifted, which 
associated with H- aggregates and has higher oscillator strength, whereas the other peak is slightly 
red-shifted with respect to the monomer peak in solution, which is because of the intermolecular 




1.7.2 Intermolecular charge transfer states 
 
Figure 10: Slip- stacked structure of SQ molecules. Adapted with permission from [16]. Copyright 
(2017) American Chemical Society. 
The quadrupolar charge distribution gives rise to a Donor-Acceptor-Donor electronic 
configuration, with the nitrogen/phenyl rings acting as donors and the central squarylium ring acting 
as the acceptor. Taking a look at Figure 12, we see that squaraines pack in a face-to-face, slip-stacked 
structure [68]. When squaraines aggregate in this way, it places the donor group of one molecule in very 
close proximity to the acceptor group of an adjacent SQ molecule. It is thought that this proximity 
allows the charge to move between these two groups if they are positioned close enough together. It 
is this charge transfer, which has been shown to give rise to the lower energy absorption peak [16]. 
            Of interest from the properties mentioned above is the tendency of  SQs to aggregate. 
Aggregation is important in SQ OPV as it changes the energy levels and broadens the absorption 
spectra [49-50]. It is also correlated with the morphology of the active layer that governs exciton 
diffusion, dissociation, and transportation. The formation of aggregates in OPV films induces changes 
in all device performances: Voc, Jsc, and FF. and therefore the PCE of the device.  
In solid-state films, both H- and J- aggregates are seen in SQ dyes [53-56]. This leads to a broader 
absorption spectrum, which should theoretically lead to higher absorption of photons and in-turn high 
efficiency [19][21]. On the contrary, Zheng et al. suggested that aggregation is one of the reasons for the 
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low efficiency of SQ-PCBM devices [48]. It can be explained in terms of the relationship phase 
separation and aggregation. Increasing aggregation implies an increase in electronic interactions 
between the molecules which happens because of the proximity of the molecules. Increasing proximity 
of similar/same molecules will transform the mixed mixture of donor and acceptor to chemically pure 
domains of donor and acceptors (phase separation). As the domain size increases, exciton diffusion 
length for the exciton to reach the interface would also increase. This process might decrease the 
efficiency of the device as exciton diffusion is one of the important steps in the conversion of a photon 
to an electron.  
Zheng also suggested that H-aggregates have lower energy ‘dark states’ [48], which have a very low 
probability of energy transfer (‘B’ in Figure 11) and therefore, could be a potential reason for low 
efficiency. If the excitons relax to the ‘dark’ state before charge transfer, exciton dissociation at the 
heterojunction will be less energetically favorable due to the associated lower energy level compared 
to the PCBM LUMO [48] as described by Marcus theory [58].  
Lastly, the energy transfer mechanism between donor and acceptor (or small molecules) in the 
OPV system is Förster resonance energy transfer (FRET) [47]. FRET requires the donor molecule to 
exhibit fluorescence. The donor molecules (SQ) used in this study form H-aggregates that do not 
fluoresce, and therefore, it is less likely to provide a route for energy transfer. This leads to the 
reduction of the exciton diffusion lengths as 𝜂𝐸𝐷 is dependent on FRET and therefore, PCE. 
One possible method that we have employed in this paper to test this hypothesis was disrupting 
the aggregation of SQ molecules. Since SQs form aggregates only in the pure phase, introducing 
another component in the blend was expected to reduce the formation of aggregates and should 
theoretically increase the PCE. Therefore, in this work, we attempt to determine how/if the aggregate 
population correlates to PCE. 
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Previously our group has tried to disrupt aggregation by increasing the amount of PCBM in the 
active layer binary blend [48]. PCE value increased six-fold for SQ: PCBM systems as the percentage 
of PCBM was increased from 25% to 75%. Increasing the percentage of PCBM from 25% to75% led 
to the formation of a large heterojunction interface (therefore disrupting the aggregation) provided by 
the finely mixed donor and acceptor phase and the associated high electron mobility for high volume 
percentage of PCBM. Further increasing the percentage of PCBM led to the reduction of the 
heterojunction interface as there is not enough donor material present. This resulted in less exciton 
dissociation at the interface and therefore, low PCE. Thus, disruption of aggregation by adding a third 
component seemed like the next logical step. Usually, in a ternary blend system, two materials having 
complementary absorption spectra are combined with a suitable acceptor using a common solvent 
which eventually leads to the disordered bulk heterojunction structure after the spin casting process 
[69-71]. This methodology enables the broadest absorption in the solar spectrum and leads to enhanced 
short-circuit currents (Jsc), therefore increased PCE. For this study, we decided to use two SQ donors 
and one acceptor material (PCBM). Some SQs have similar absorption spectra while others have very 
different spectra. This can help us figure out how the absorption spectrum as a variable affects the 
PCE. Also, with the assumption that aggregates are only formed by molecules of the same SQ and 
have a very broad absorption range on the solar spectrum (NIR to visible), this seemed reasonable. 
The goal of this work was to disrupt the aggregation of SQs while maintaining the order in the packing 
structure, which includes both SQs in the active layer. By maintaining this order in the active layer, 
the charge transport mechanism should not be affected. 
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Figure 11: Molecular structures of SQs 
Four aniline based SQ molecules with two different packing motifs were chosen for this study. 
The reason for this was to observe the disruption of aggregation in SQs by SQs with similar and 
different motifs and their effect on PCE. Therefore, DBSQ(OH)2 (figure 13(a)), DiPSQ(OH)2 (figure 
13(b)), DiBSQ(OH)2 (figure 13(c)), and DHSQ(OH)2 (figure 13(d))  are selected for this study. 
DBSQ(OH)2 and DHSQ(OH)2 align themselves in a slip-stacked packing
[16], DiBSQ(OH)2  aligns 
itself in herringbone packing [72], and DiPSQ(OH)2 is expected to pack in herringbone structure 
[73-74].  
It has been shown in this work that mixing any of the two above mentioned SQs with PCBM leads to 
the disruption of aggregation (which can be inferred by the change in the absorption spectrum). The 
work will also demonstrate that mixing of SQs like DBSQ(OH)2 and DHSQ(OH)2  and DiPSQ(OH)2 
and DiBSQ(OH)2  has a positive impact on the PCE because of their similar packing motif but 
DHSQ(OH)2 and DiPSQ(OH)2 and DBSQ(OH)2  and DiBSQ(OH)2  do not have similar packing motif, 
so we see a decrease in PCE. Annealing studies were also done on binary blends of SQs with PCBM 
to study the effect of morphological changes (going from monomers to aggregates) in the film on OPV 
parameters. Thermal annealing relies on heating the substrate to a temperature greater than the glass 
a) DBSQ(OH)2 b) DiPSQ(OH)2 
c) DiBSQ(OH)2 d) DHSQ(OH)2 
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transition temperature and approaching the melting point of the material, allowing the molecules to 
move in more thermodynamically favored orientation [46]. Ultimately, it is the chemical 
incompatibility that drives the separation of two components. It has been reported that thermal 
annealing can also induce extensive phase separation between the SQ and PCBM, leading to the 
formation of domains that are as large as 100-200nm, more than ten times larger than the measured 
exciton diffusion length of SQs [47].  
 
Figure 12: Effects of Annealing 
Annealing enables the SQ molecules to agglomerate, expelling out the molecules of PCBM from 
mixed-phase and allowing the PCBM molecules to combine into larger purified domains (figure 14). 
The formation of large domains increases the proximity of the same molecules in an ordered structure, 
and the molecules form pure crystalline domains. Due to the formation of pure crystalline domains, 
an increase in the efficiency of the OPV device is reported [17]. The increase in efficiency is accounted 
for by the reduction in the recombination of charges, an increase in phase separation and improved 
charge transport.  
The actual morphologies of the film can comprise of three phases, with pure, a relatively pure, 
aggregated donor and acceptor domains in addition to mixed amorphous regions. It has been suggested 
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that the mixture of all three phases may be favorable as the electronic structure of both donor and 
acceptor depend on the level of aggregation [75-77], which is due to phase separation and purity.  Low 
domain purity can lead to an increase in the recombination of opposite charges [76]. However, a 
homogenous mixture of  SQ and PCBM can provide good exciton quenching and charge generation, 
but will also decrease the charge mobility. The decrease in charge mobility can be caused by the active 
layer being amorphous and might also increase recombination, which is detrimental to device 
performance. Therefore, there is always a trade-off between the level of exciton diffusion and domain 
size. With a large domain size, the exciton diffusion length for the exciton to reach the interface would 
increase. With too small a domain size, charge dissociation will increase tremendously creating a 
torturous path for the charges to reach their respective electrodes. So, to achieve high PCE, 
understanding how to control phase separation and aggregation is important. With all the data 
collected, we interpret the efficiency trends regarding changes in the aggregate population and share 
our predictions for the rational design of small-molecule organic photovoltaics. 
1.8 Ternary Blends  
Ternary blends, as the name suggests, are a mixture of three components. The blend can be either 
the mixture of two donors and one acceptor material or two acceptors one donor material or one donor 
one nonvolatile additive and one acceptor [69]. Provided that the aggregation property is seen in SQ 
(donor) material in thin films, we chose two donors, one acceptor blend. 
The ternary solar cells, based on the Donor 1/ Donor 2/ Acceptor system, show the advantage of a 
simple device structure and a wide photon harvesting range (Figure 15). The mechanism that governs 
the photovoltaic process in ternary solar cells is different from that of conventional binary solar cells. 
In binary cells, it is a simple superposition of the photovoltaic process of the individual solar cells [69]. 
In ternary solar cells, a parallel linkage or alloy structure is closely related to the location of the third 
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component of the ternary blend active layer. (Figure. 15 c) The third component could: 1) be fully 
embedded in the acceptor, 2) be fully embedded in a donor, 2) form its channels or 4) locate at 
donor/acceptor interface [69]. 
 
Figure 13: The schematic diagram of the (a) conventional binary OSCs, (b) tandem OSCs, and (c) 
ternary OSCs with four possible active layer morphologies according to the location of the third 
component. Reprinted with permission from [69]. Copyright (2016) Energy Environ. Sci. 
The charge transfer and transport mechanisms in the ternary solar cells are different from those of 
binary solar cells. They are driven by various properties such as the bandgap of the three components, 
the content of the third component, electronic energy levels, amount of the third component, the third 
component location in the active layer and the final microstructure of the active layers. The charge 
transfer between the donor and acceptors is similar to that in binary blends. However, the charge 
transfer between the two acceptors or two donors still needs to be investigated. It will help in the 
clarification of its contribution to the overall performance of the ternary solar cell device [75]. The 
position of the third component depends on the dominating (in weight percentage) Donor: Acceptor 
system (in case of charge transfer mechanism) to form percolating pathways for charge transfer and 
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transport. Therefore, the third component molecule should theoretically be located at the interface of 
the dominating donor and acceptor (Figure 15c) [69]. The holes and electrons that are generated in the 
third component can be efficiently collected by the respective electrodes only when the third 
component is located at the interface of the dominant donor and acceptor. It has been reported that the 
location of the third component is greatly dependent on the surface energy and crystallinity of the 
dominating system [69][71]. 
Research groups all over the world have been working with different ternary blends and have 
witnessed an increase in efficiency. Groups around the world have been using many approaches to 
create ternary blends, but the most common ones have been: 1) layer by layer approach or 2) mixing 
them all and then spin casting on the substrate [71]. The layer by layer method is coating material A on 
the substrate and then coating a layer of material B+C [71].  Our group prefers mixing them all and spin 
casting because we want all the molecules to interdigitate and reduce the crystallization of individual 
SQs, keeping the domain size small. We expect that this will control aggregation and therefore, should 
increase the efficiency of the SQ OPV device.   
1.9 Aim and Outline of the dissertation 
This dissertation has been focused on developing efficient bulk-heterojunction OPV devices based 
on SQ and PCBM as donor and acceptor, respectively. In recent work, the reduction of PCE has been 
correlated with incompatibility between SQ and PCBM molecules, causing phase separation and 
aggregation[48]. Therefore, the goal of this work is to disrupt the aggregation (specifically H-
aggregation) of SQs by creating ternary blends (two SQs and PCBM) while retaining the close physical 
packing of the molecules in the active layer which may be required for effective charge transport. We, 
therefore, blend four SQs with different side chains (n-alkyl and branched) and study the effect of 
blending them on the efficiency of the devices. The work presented in this thesis is a preliminary study. 
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In the discussion of the results, a series of speculations and possible interpretations are provided. 
Suggestions for follow-up work are implied given that a thorough treatment of the results is beyond 
the scope of the work for this thesis. 
In this chapter, a basic description of OPV principles and the mechanism of the device has been 
introduced. It provides the necessary background and reference for all the chapters. In chapter two, 
the experimental details of the measurements in this dissertation are briefly introduced. The set-ups 
and parameters are tuned for the specific measurements involving SQ and PCBM and for the specific 
instruments in the research labs at RIT. In chapter three, we start by investigating four aniline based 
SQ molecules, DBSQ(OH)2 (2,4-Bis[4-(N,N-dibutylamino)-2,6-dihydroxyphenyl] Squaraine), 
DiPSQ(OH)2 (2,4-Bis[4-(N,N-diisopentylamino)-2,6-dihydroxyphenyl] Squaraine), DiBSQ(OH)2  
(2,4-Bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] Squaraine),  and DHSQ(OH)2 (2,4-Bis[4-
(N,N-dihexylamino)-2,6-dihydroxyphenyl] Squaraine), with two different packing motifs. The extent 
of aggregation in different SQs is correlated with the PCE and EQE of these devices. In chapter four, 
we create ternary blends, one PCBM, and two different SQ molecules and investigate the different 
parameters that contribute to the PCE of the device. We also measure the EQE of the devices to 
determine the efficiency with respect to the wavelength in which the material absorbs. Finally, chapter 








Chapter 2 -Experimental Methods 
In this chapter, the general methods and materials that are used in this dissertation are introduced.  
2.1 Materials Preparation 
SQs (figure 9) are synthesized by Dr. Jeremy Cody’s research group at the School of Chemistry 
and Material Science at RIT. Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from 
Solenne b.v. and used as received. The reagent grade chloroform was purchased from Sigma Aldrich 
was used as received without any further purification. The SQs and PCBM materials were kept in an 
N2- filled glove box with O2 levels ≤ 20-40 ppm and H2O levels at ≤ 50 ppm.  
All samples of SQ solutions were prepared in 5ml glass scintillation vials. Solutions were sonicated 
for 15 minutes at a power level in a VWR bath Sonicator (model 750). The volumes of solutions were 
measured by VWR micropipettes. Solutions were transferred by VWR Pasteur Pipettes unless stated 
otherwise.  
All the films were coated with a Chemat Spin coater (model KW-4A) on one-inch square substrates 
of VWR microscope slides. For all the films, solutions were freshly prepared, and the vials were 
covered by parafilm to prevent evaporation, which might lead to a change in concentration. The 
solution was sonicated for 15 minutes before spin casting. The spin speed and time were kept constant 
at 1500 rpm for 30 seconds, respectively. 
For device making, ITO coated slides were used as substrate. The microscope slides were 
sonicated in acetone and Isopropyl alcohol (IPA) for 15 mins each and then rinsed twice with hot 
deionized water to remove residual acetone or IPA. The slides were then dried by air gun manually 
and then baked in the oven (VWR, model number 1400E) for 20 minutes.  
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2.2 UV Visible Spectroscopy 
All measurements on solutions were made using 10mm quartz spectrum cells (type 23/Q/10). 
Measurements on film were made using a film holder. All measurements were made at room 
temperature on a Shimadzu UV-2401 PC UV recording spectrophotometer. The instrument parameters 
were set to 2 nm slit width and 0.5 nm sampling interval for all samples. The scan range was set from 
300 to 900 nm for all measurements. For the solution measurements, the spectrometer was baselined 
to pure chloroform to account for scattering and absorption of the solvent. For thin-film measurements, 
the spectrometer was baselined with a blank microscope slide to account for scattering and absorption 
of substrates. Three measurements were taken of each film by changing the film position in the light 
path to account for any heterogeneity in the films. All measurements reported for the absorbance 
intensity are therefore averaged across the three film measurements, and then across two films that 
have been prepared from identical solution. This gives six measurements per reported measurement 
on this thesis.  
Solutions. SQs were dissolved in chloroform. Several dilution steps were needed to bring the 
optical density very low for the UV-Vis instrument. SQs exhibit sharp absorbance peaks in solution 
with extinction coefficients of >105 M-1 cm-1 at ~650nm. 
Films. Thin films were made by spin-casting the solution with a concentration of 10-15mg/ml onto 
a glass substrate. In some cases, thermal annealing was performed on the films to induce SQ 
aggregation. The thermal annealing was performed by placing the film on a digital hot plate at a set 
temperature. After annealing, the films were allowed to cool to room temperature before taking the 





2.3 J-V measurements 
The current density-voltage measurements (J-V measurement) is the basic characterization method 
for the photovoltaic device. It yields three evaluating metrics for OPV devices: the open-circuit voltage 
(Voc), short-circuit current (Jsc), and fill factor (FF). The J-V curve of the OPV device is obtained by 
using a Newport 91159 Full Spectrum solar simulator with a power density of 100mW/cm2. The xenon 
lamp in the solar simulator is calibrated with a round-robin InGaAs photovoltaic cell fabricated by 
NASA. The solar simulator is calibrated every three weeks. The devices were tested immediately after 
evaporation of the aluminum contact, so the non-encapsulated devices do not degrade due to ambient 
factors.  
The SQ based OPV devices are tested immediately after fabrication to eliminate cell deterioration 
due to material degradation, which is a contributing factor towards inaccurate measurements given 
that the cells are not encapsulated, and the testing of the device must be operated in ambient conditions.  
The devices are measured by using a 4-point probe technique with a Keithley 2400 Sourcemeter. 
The probes are brought into light contact with the two electrodes (ITO as anode and aluminum as the 
cathode). It should be noted that too deep a probe-contact can penetrate and will short-circuit the 
device. The data were collected and analyzed using an internally developed Lab-View program. The 
data were recorded from 3 sets of substrates (24 devices) for each solution, and the average of the best 
performing devices is reported in this work.  
2.4 External Quantum Efficiency (EQE) 
The EQE is defined by the equation below: 
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𝑬𝑸𝑬 =  
# 𝒐𝒇 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔 𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅 𝒇𝒓𝒐𝒎 𝒅𝒆𝒗𝒊𝒄𝒆𝒔 𝒑𝒆𝒓 𝒘𝒂𝒗𝒆𝒍𝒆𝒏𝒈𝒕𝒉 𝒂𝒓𝒆𝒂
# 𝒐𝒇 𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝒉𝒊𝒕𝒕𝒊𝒏𝒈 𝒕𝒉𝒆 𝒅𝒆𝒗𝒊𝒄𝒆𝒔 𝒑𝒆𝒓 𝒘𝒂𝒗𝒆𝒍𝒆𝒏𝒈𝒕𝒉 𝒑𝒆𝒓 𝒂𝒓𝒆𝒂
       Equation 6 
Experimentally, the OPV device is activated by shining light upon it at a specific wavelength, and 
the current is observed at the electrodes of the device. Then the current is converted into electrons per 
second by dividing by electric charge (1.602 * 10-19 coulombs per electron). The number of photons 
can be calculated by using the power of incident light and the associated energy of photons at that 
wavelength (E= hc/λ). The ratio of electrons to photons is called the EQE value at that wavelength. 
The desired value of EQE is 1, and this means that every incident photon, at a particular wavelength, 
on the device will be absorbed by the material to generate excitons. All these excitons will successfully 
diffuse to the heterojunction-interface and undergo charge dissociation, and finally, all free charge 
carriers will be collected, without loss, by the electrodes of the device. The EQE cannot be unity due 
to multiple losses during charge photo-generation. The EQE was measured using the spectral response 
based on an Optoelectronic Laboratories 750 Spectro-radiometric system.  
The EQE spectrum gives information on the spectral response of the OPV devices. This spectral 
response is directly related to material absorption. This means that the device only responds to the 
light that the photoactive material can absorb. Therefore, it is extremely useful to characterize the 
photophysical properties of the materials, such as aggregation, since the SQ aggregates absorb 
differently compared to SQ monomer. 
2.5 Contact angle measurements 
The contact angle is one of the common ways to measure the wettability of the surface. Wetting 
refers to the study of how a liquid deposited on a solid substrate spreads out. The liquid used for testing 
the materials was DI water. The measurements were made on Rame-hart Goniometer, model 250. In 
this case, contact angle measurements were done on all individual SQ and PCBM neat films to check 
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the miscibility of different SQs with PCBM, and in-turn relates that to phase separation. If the contact 
angle of SQ is close to PCBM, that would mean that it “likes” PCBM and the possibility of phase 
separation is less. This measurement helped to determine the reason for the extent of phase separation 


















Chapter 3: Absorbance and PV performance of 
SQs in solution, neat and blended films 
3.1 Introduction 
The relationship between solar cell efficiency and BHJ morphology is well established for 
polymer-fullerene solar cells [78-79]. A well-mixed, small domain size morphology with a large donor-
acceptor interface will lead to an efficient exciton dissociation. On the contrary, mixed domains may 
cause inefficient charge transport and a higher probability of charge recombinations. In addition to 
small-sized domains of donor and acceptor molecules, one must work towards the creation of 
connected pathways for charges to reach the electrodes efficiently. This can be achieved by high 
crystallinity of the domains. It is necessary to simultaneously maximize exciton generation, exciton 
dissociation, and charge transport since the PCE depends on all these processes. However, achieving 
the perfect morphology to maximize all three processes is a huge barrier to overcome.  
All SQs used in this work are synthesized by one-pot two-step synthesis. The generalized structure 
of all SQs is shown in Figure 9. SQ molecules aggregate in solid-state films. Many SQ molecules 
synthesized for OPV applications show differing absorption spectra when analyzed in the form of neat 
films or when blended with PCBM. In the last few studies from our group, we have attempted to use 
different SQs to provide a comprehensive description of the properties of a series of SQs with varying 
side chain length, pertinent to their use in  OPV. Upon blending these SQs with PCBM, the differences 
in properties that drive OPV efficiency became apparent. Absorbance spectra showed that smaller side 
chain SQs showed a qualitative disruption of aggregation when mixed with PCBM. For longer side 
chain SQs, phase separation was more significant upon mixing with PCBM. It was further observed 
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that mobility is higher for neat films made with smaller side-chain length, but when the crystal packing 
in these films is disrupted by blending with PCBM, mobility reduces. However, for longer side chain 
length SQs, mobility is maintained more than for the shorter side chain counterparts as a result of the 
phase separation even during the spin-casting process. Ultimately, it is the extent of phase separation 
itself that determines the PCE. These results resulted in our next strategy to maximize ordered 
molecular packing while maintaining smaller domain sizes (low phase separation) of SQ dye. 
This study uses four SQs with different side-chain lengths and different packing structures. The 
idea was to study SQs with different side chains and packing structure and co-relate its effect with 
PCE. All blend ratios of SQ: PCBM were kept constant at 3:7. These SQs will then be used to create 
ternary blends (two SQs and one PCBM) better to understand their relationship with each other. This 
data has been represented in chapter 4. The references next to the peak assignments indicate the studies 
that have similar SQs, and their peak assignment is consistent with ours.  
 
 
3.2 Absorbance Study of SQ Aggregation in SQ-PCBM BHJ Films 
Absorbance measurements were performed on SQ and SQ: PCBM blends, in both, solution as well 
as solid-state films. The absorbance measured from dilute solution provides information on excitations 
of individual molecules, while the absorbance studies of thin films measure the excitations of 
molecular aggregates or crystalline structures. A difference in the spectra of the solutions and films 




Figure 14: Solution SQ and annealed (at 90o C) thin-film UV Visible spectra of neat DBSQ(OH)2, 
DiPSQ(OH)2, DiBSQ(OH)2 and DHSQ(OH)2 films. 
The absorption spectra of SQs  are shown in Figure 16. These were taken  using a dilute solution 
of SQs in chloroform and from neat SQ thin films. The solution/monomer absorbance of all SQs has 
a sharp and intense peak at 650nm, which is assigned to a strong 0-0 transition and has a weak 0-1 
transition peak at 600nm [48]. In neat solid-state films, different spectral features are observed with 
different SQs; however, all SQs show a dramatic broadening when compared to the monomer peak. 
Such a unique broadening of absorbance has been reported in the literature [63-68].   DBSQ(OH)2 has a 
blue-shifted peak (relative to the monomer peak) at 539 nm and a second peak at 678 nm. DHSQ(OH)2 
also has a blue-shifted peak (relative to the monomer peak) at 559 nm and a second peak at 664nm. In 
both these cases, we have assigned both peaks to Intermolecular Charge Transfer State (ICT) coupled 
with H-aggregates [16][48]. DiBSQ(OH)2 has a spectrum with a peak at 675 nm and a small shoulder at 
637 nm assigned to H-aggregation [72][80]. DiPSQ(OH)2 has a peak at 565 nm, a shoulder at 656 nm 
and the third peak at 756 nm. We believe that the peaks at 565 nm and 756 nm arise because of 
Davydov Splitting, and the peak at 656 nm arises because of the presence of the monomer. Davydov 



































splitting arises from the intermolecular interactions involving molecules with oblique transition dipole 
moments, resulting in two peaks in the absorption spectrum, referred to as lower and upper Davydov 
components [81][87]. It has been previously shown by Spencer [73] via AFM studies that in DiPSQ(OH)2, 
the two inequivalent molecules in the unit cells are aligned at an angle from one another. However, 
we posit that the old assignment of the absorbance peak by Spencer is incorrect [73-74]. Spencer 
previously assigned the peak at 756nm as a J-aggregate [73-74], which seems implausible as it is known 
that J-aggregates fluoresce [66], but SQ molecules do not show fluorescence in a film. Therefore, 
assigning the peaks to Davydov splitting makes sense.  
2.1     Effects on SQ film absorption when blended with PCBM and annealed 
In Figure 17a, 17b, 17c, and 17d, we show the absorption spectra of DBSQ(OH)2, DiPSQ(OH)2, 
DiBSQ(OH)2 and DHSQ(OH)2 films blended with PCBM respectively, all in the ratios of 3:7 (SQ: 
PCBM), before and after thermal annealing at 90 degrees and 120 degrees for five minutes. From now 
on, we use the term “monomer” to indicate the SQ molecules that are weakly coupled such that 
absorbance spectra are similar to that of monomer in solution and the term “aggregate” to indicate that 




Figure 15: Thin-film UV-Visible spectra of (a) DBSQ(OH)2, (b) DiBSQ(OH)2  (c) DiPSQ(OH)2 and 
(d) DHSQ(OH)2 blended with PC61BM before and after annealing at 90 and 120 degrees for 5 mins. 
For unannealed DBSQ(OH) 2 with PC61BM (Figure 17a),  a broad single peak at 656 nm is 
observed. At 90 degrees, the intensity of 656nm peak decreases, and a shoulder at 550 nm appears. 
Annealing further at 120 degrees, a ‘double-hump’ is observed with peaks at 550nm and 674nm. A 
broad single peak indicates the presence of monomers [16][48]. DBSQ(OH)2 shows disruption of 
aggregation by PCBM and therefore indicates good mixing between SQ and PCBM. As the 
temperature is increased, the single peak starts splitting into a double hump, and at 120-degree 
annealing, the absorption spectrum looks very similar to the neat DBSQ(OH)2 thin-film absorption 
spectrum (figure 16), thereby indicates the conversion of monomer to aggregates as the temperature 
is increased [83].  
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 In Figure 17b, UV-Vis absorbance of DiBSQ(OH) 2 with PC61BM is shown. A broad peak at 686 
nm is observed. There is no change in the shape and peak height even after annealing it 90 degrees. A 
small shoulder arises at 644 nm when annealed at 120 degrees. A broad peak indicates the presence of 
monomers. No change in shape even after annealing indicates good mixing between DiBSQ(OH)2 and 
PCBM. A small shoulder after 120 degrees, indicating that the SQ has started to aggregate slightly [72, 
83]. 
For unannealed DiPSQ (OH) 2 with PC61BM (Figure 17c), a double-hump is observed with peaks 
at aggregates as soon as it is spin-casted on the substrate as seen in the unannealed plot. The films 
show a decrease in peak intensity at 558 nm peak height when annealed. These films show the third 
shoulder at 759 nm, which appears after 90-degree annealing and becomes a peak at 120 degrees. 
Additionally, a decrease in the absorption intensity is observed at 680 nm as the temperature is 
increased. This indicates the reduction in the population of amorphous, and therefore, monomeric 
DiPSQ(OH)2 
[74].  
For unannealed DHSQ(OH)2 with PC61BM (Figure 17d), a double hump is observed with peaks 
at  558 nm and 664 nm. The presence of a double-hump before annealing suggests that DHSQ(OH)2 
aggregates as soon as it is spin-cast on the substrate. When annealed, the peak intensity at 558 nm 
increases (in combination with the decrease in 664 nm peak), indicating an increase in phase separation 
[48]. The spectrum of the film annealed at120 degrees exhibits an absorbance spectrum similar to that 
of the neat film, indicating that aggregates are being formed as the temperature is increased.  
This data indicates that DiBSQ(OH)2 mixes the best with PC61BM when compared to other SQs 
used in this study. The trend of miscibility with PCBM is DiBSQ(OH)2 > DBSQ(OH)2 > DiPSQ(OH)2 
≈ DHSQ(OH)2. This trend is based on the extent of phase separation of SQs with PCBM before and 
after annealing (figure 17), further validated by the water contact angle values shown in table 1. 
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Table 1: Water contact angle of SQs and their calculated differences with the water contact angle 
of PCBM 
SQ used Water contact angle 
(o) 
Difference between SQ and PCBM (81.23 
± 0.60)o water contact angles (o) 
DiBSQ(OH)2 76.10 ± 2.47 5.13 
DBSQ(OH)2 87.57 ± 1.26 6.34 
DiPSQ(OH)2 90.42 ± 0.38 9.19 
DHSQ(OH)2 92.83 ± 1.06 11.6 
 
The difference in the contact angle between SQ with PCBM increases as we go from DiBSQ(OH)2 
< DBSQ(OH)2 < DiPSQ(OH)2 < DHSQ(OH)2 (table 1). The contact angle difference helps us 
determine the miscibility between the two components [92]. The larger the contact angle difference, the 
less miscible the materials are with each other. Table 1 indicates that DiBSQ(OH)2 mixes best with 
PCBM and DHSQ(OH)2 mixes the least when compared with all the SQs used in this study. This data 
validates the results we obtain from UV-Vis spectroscopy where the absorbance spectrum (figure 17a) 
does not split even after annealing indicating that the materials are compatible with each other. 
Absorbance spectrum of DBSQ(OH)2 and PCBM blend is a single hump ( figure 17b) which splits in 
double hump after annealing while the absorption spectrum of DiPSQ(OH)2 (figure 17c) and 
DHSQ(OH)2 (figure 17d) showed double hump right after spin casting (as-cast films). As discussed, 
the splitting of the absorption peak (in this case) indicates a large phase separation [16][48] and, therefore, 
lower miscibility with PCBM. The same trend is displayed by contact angle values.  
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3.3     Organic Solar cell based on SQ: PCBM BHJ 
The BHJ active layer was spin-cast from CHCl3 solution with a fixed concentration of SQ: PCBM, 
i.e., 3:7. The active layer is annealed at 90 degrees for 5 mins, and the results are compared to those 
obtained from unannealed devices. Device parameters are listed in table 2.  
All four SQs can output moderate efficiencies when blended with PCBM. Similar values of Voc 
are achieved for all SQs (~ 0.8 V). These values of Voc are consistent with the assumption that alkyl 
chain length does not significantly perturb the electronic energy levels of these molecules and therefore 
does not change the Voc in different blends. In general, better device performance is achieved in the 
order of DBSQ(OH)2 > DHSQ(OH)2 > DiBSQ(OH)2 > DiPSQ(OH)2 (table 2). This trend is different 
from the miscibility trend with PCBM, suggesting that bulk-heterojunction morphology is a more 
important factor than the miscibility of donor and acceptor when considering the factors affecting the 
efficiency of these devices.  
Table 2: OPV Parameters of the Averages of the Best Performing Devices of DBSQ(OH)2, 
DiBSQ(OH)2, DiPSQ(OH)2, and DHSQ(OH)2 blended with PC (SQ: PCBM- 3:7) and annealed at 900 C 
for 5 mins. 
SQ Jsc (mA/cm




Annealed at 900 
 
9.67 ± 0.39 
6.9 ± 0.20 
 
0.81 ± 0.01 
0.8 ± 0.01 
 
44.38 ± 0.02 
41.25 ± 0.04 
 
3.34 ± .002 
2.6 ± 0.002 
DHSQ(OH)2 
Unannealed 
Annealed at 900C 
 
6.47 ± 0.383 
5.1 ± 0.21 
 
0.81 ± 0.01 
0.81 ± 0.01 
 
48.9 ± 0.015 
41.2 ± 0.04 
 
2.42 ± .003 




4.81 ± 0.3 
 
0.81 ± 0.02 
 
36.34 ± 0.02 
 




Annealed at 900C 4.92 ± 0.3 0.8 ± 0.004 34.65 ± 0.007 1.43 ± .006 
DiPSQ(OH)2 
Unannealed 
Annealed at 900C 
 
3.35 ± 0.3 
3.1 ± 0.3 
 
0.81 ± 0.03 
0.8 ± 0.01 
 
45.8 ± 0.04 
44 ± 0.02 
 
1.27 ± .001 
1.04 ± .001 
 
The difference in solar cell performance can be well explained by considering the bulk-
heterojunction morphology. Considering the unannealed films, the Jsc decreases from 9.67 to 6.47 
(table 2) as the side chain length increases from DBSQ(OH)2 to DHSQ(OH)2, respectively. The 
unannealed absorbance spectrum of DBSQ(OH)2 and PCBM indicates the presence of monomers, 
whereas DHSQ(OH)2 and PCBM indicate the presence of aggregates and phase separation between 
the SQ and PCBM [16]. With larger phase separation, the surface area of the interface between donor-
acceptor shrinks, and the distance required for exciton diffusion to the interface increases, leading to 
reduced charge generation [16][48]. This will, in turn, limit the Jsc and PCE of the device for DHSQ(OH)2 
and PCBM blend. 
 Jsc further reduces from 4.81 to 3.35 (table 2) as we go to DiBSQ(OH)2 and DiPSQ(OH)2, 
respectively. Both these SQs have branched side chains. The absorption spectrum of DiBSQ(OH)2 
with PCBM suggests the presence of monomers (figure 17(b)). It has also been shown by Forrest et 
al. that DiBSQ(OH)2 forms an amorphous morphology when spin-cast 
[72] leading to poor charge 
transport and, therefore, low Jsc.
 For DiBSQ(OH)2, it has been shown that DiBSQ(OH)2 shows a higher 
efficiency when annealed with PCBM at temperatures above 120 degrees[72]. Annealing for 
DiBSQ(OH)2 increases the order and therefore, charge transport in the material resulting in higher 
PCE. We have also seen that DiBSQ(OH)2  and PCBM do not phase segregate, even after annealing. 
Therefore, because of high miscibility with PCBM and no order in the crystal structure until annealed, 
DiBSQ(OH)2  gives better efficiency after annealing. Jsc for the blend DiPSQ(OH)2:PCBM blend is 
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lower than DiBSQ(OH)2:PCBM blend because of the presence of aggregates and phase separation in 
DiPSQ(OH)2:PCBM blend, and the higher extent of phase separation is detrimental for device 
efficiency [16].  
Looking at the annealed films, it was observed that the value of Jsc decreases (and consequently 
PCE) as the temperature increases from room temperature to 90 degrees (table 2). This is consistent 
with the reported data [48]. Even though the crystallinity increases by annealing [48], which should 
increase the charge transport in the blend and should increase Jsc and consequently PCE, annealing 
also increases the phase separation between SQ and PCBM [48]. Increasing phase separation (domain 
size of materials in the active layer) reduces the interfacial area between donor and acceptor. This, in 
turn, decreases the probability of free charge generation, reducing Jsc and subsequently decreasing 
PCE. This also suggests that to achieve high PCE, we need to improve film crystallinity and control 
domain growth simultaneously.  
Change in FF is also observed for all the blends after annealing (table 2). As the temperature is 
increased, FF is decreased for the blends. The decrease in FF is likely due to the decrease in the 
interface between the SQ and PCBM; the phases are separated and, therefore, might increase the 
possibility of exciton recombination.  
3.4  EQE Measurements on Solar Cell Devices 
EQE measures the photosensitivity of the solar cell at each wavelength and generates the spectrum. 
Since photoactive materials generally absorb at different wavelength regions, the EQE spectra can 
yield information about the performance of the individual componentsin blends. EQE measurements 
were performed on binary and ternary blends of DBSQ (OH) 2, DHSQ (OH) 2, and PC61BM. In all the 
figures showing EQE data, EQE and absorbance spectra of binary blends are compared. Chapter 4 
includes the EQE spectra of ternary blends. We hypothesized that mixing two SQs and PCBM in a 
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solution should be able to disrupt the aggregation while maintaining the order in the blend so that 
charge transportation capabilities are not perturbed, consequently, leading to higher Jsc values and, 
therefore, higher PCEEQE can help us confirm or reject the hypothesis. If there is a drop in the EQE 
value where the aggregates absorb, it will help confirm the hypothesis that the formation of aggregates 
is detrimental to device efficiency. EQE can help us confirm or reject this hypothesis when combined 
with the absorbance and PV data. 
In Figure 18a, 18b, 18c, and 18d, the absorption and EQE spectra of DBSQ(OH)2, DiPSQ(OH)2, 
DiBSQ(OH)2 and DHSQ(OH)2 films blended with PCBM respectively are compared, all in the ratios 
of 3:7 (SQ: PCBM). The EQE of DBSQ(OH)2 – PCBM blend is compared to the absorbance spectrum 
in figure 18a. Complementing the absorbance spectrum, EQE for DBSQ(OH)2 and PCBM blend has 
a broadened peak at 696 nm and PCBM peak at 380nm. The peak at 696nm is assigned to EQE 
generated after absorbance by DBSQ(OH)2, and the peak at 380 is assigned to the EQE generated after 
absorption by PCBM (figure 18a). Peak height for DBSQ(OH)2 is higher than the peak height of 
PCBM for both absorbance and EQE. Therefore, EQE suggests that DBSQ(OH)2 is more efficient in 
the processes involving the conversion of the exciton to free charges reaching electrodes. This blend 
has a maximum EQE value of 0.59.  
The EQE for DHSQ(OH)2 and PCBM blend (figure 18b) is a double hump with peaks at 568 and 
688 nm assigned to SQ and a peak at 388nm assigned to EQE generated by PCBM. The peak height 
of DHSQ(OH)2 and PCBM is opposite in absorbance and EQE spectra. EQE spectra suggest that even 
though PCBM has a higher absorption value, DHSQ(OH)2 might be more efficient in exciton diffusion 
(𝜂ED), charge dissociation (𝜂CD), and charge transfer (𝜂CT) than PCBM. In other words, DHSQ(OH)2 
molecules are better at converting excitons to free charges than PCBM molecules. This blend has a 




Figure 16: UV-Vis absorbance and EQE of (a) DBSQ(OH)2- PCBM blend (b) DHSQ(OH)2- PCBM 
blend (c) DiPSQ(OH)2- PCBM blend (d) DiBSQ(OH)2- PCBM blend 
EQE for DiPSQ(OH)2 – PCBM (inset – 18c) blend has a peak at 380 nm assigned to PCBM 
and two peaks at 576 nm and 675 nm assigned to SQ. The EQE spectrum follows the absorbance 
spectrum, although the EQE generated throughout the wavelength range is very low as compared to 
the other SQs. This suggests that this blend is not efficient with the conversion of a photon to free 
charge. This material has not been studied extensively in the literature, so it is difficult to say what 






EQE for DiBSQ(OH)2 and PCBM blend (figure 18d) has two peaks– 400nm assigned to PCBM 
and a broad peak ( 640- 720 nm) assigned to DiBSQ(OH)2. EQE spectra suggest DiBSQ(OH)2 
molecules are better at converting excitons to free charges than PCBM molecules. It has a max. EQE 
value of 0.316. 
Although the EQE spectra of all the SQs differ from each other, there are a few common 
observations that can be extracted in all four EQE spectra. The PCBM peak is slightly red-shifted as 
compared to the UV-Vis spectrum. This redshift is also seen in some other papers in the literature 
[92,93].  Some research articles do not show wavelengths below 350 nm [69] [84, 85]. Quantum efficiency 
is usually not measured much below 350 nm as the power from the AM1.5 power source in the solar 
simulator contained in such low wavelengths is low [24]. In other words, the EQE setup does not work 
well below 400nm because the power from the bulb and the sensitivity of the Si detectors is low in 
that region. The ratio between the signal to lamp intensity, therefore, is low, resulting in large errors.  
Likewise, the signal to noise ratio in the region of low lamp irradiance would be low. Moreover, the 
noise can quickly overwhelm the signal in this region. Therefore, the redshift observed in the EQE 
spectrum (figure 18) might not be a shift but a low generation of excitons in the materials. Figure 19 








Figure 17: Spectral Irradiance of AM 1.5G 
From 280nm to 400nm, the power (area under the curve) is 92.76 W/m2, which is only 9.24% 
of the total power- 1002.9 W/m2. Furthermore, from 280nm to 350nm, the power is 28.38 W/m2, which 
is only 2.82% of the total power. Note that PCBM absorbs in this region (~ 312nm), which does not 
have enough power to generate excitons. Therefore, confirming that the redshift we are observing in 
the EQE spectrum ( figure 18) might not be a shift, it might just be the fact there is not enough power 
in PCBM absorbing region to generate excitons.  
The EQE spectra follow the absorption spectra in all the four blends, suggesting that EQE is 
not affected by aggregation of SQs. The EQE from ~ 400- 540 nm is high relative to the absorption. 
This indicates that excitons generated in that region are more efficiently diffused, dissociated, and 
transported than the other wavelengths.  
3.5 Conclusion 
 In this chapter, we demonstrated the successful application of SQ dyes in OPV devices. It was 
observed that SQs that pack in slip-stacked packing are more efficient (higher Jsc and PCE) than the 
SQs, which pack in herringbone packing. As shown in table 1, SQs that aggregate more than their 
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similar packing counterparts have water contact angles more similar to PCBM’s. The trend for contact 
angle difference between SQ with PCBM increases as we go from DiBSQ(OH)2 < DBSQ(OH)2 < 
DiPSQ(OH)2 < DHSQ(OH)2. Device performance was achieved in the order of DBSQ(OH)2 > 
DHSQ(OH)2 > DiBSQ(OH)2 > DiPSQ(OH)2 .  It was also observed that aggregated SQ – PCBM blends 
(DHSQ(OH)2 and DiPSQ(OH)2 ) perform poorer than the non-aggregated SQ – PCBM blends 
(DBSQ(OH)2 and DiBSQ(OH)2) in terms of Jsc. Furthermore, we found that annealing leads to a 
reduction in efficiency for all SQ PCBM devices, which concurs with the literature. In the literature, 
it is explained how annealing leads to higher phase separation [48], which leads to bigger domain sizes 
[16,48] and is detrimental to device efficiency. Lastly, we found that the EQE spectra of these SQ and 
PCBM blend always follows the absorption spectra of the blend, suggesting that EQE is not affected 
by aggregation contradicting our hypothesis. EQE was achieved in the order of DBSQ(OH)2 > 
DHSQ(OH)2 > DiBSQ(OH)2 > DiPSQ(OH)2, which is the same trend received from J-V 
measurements.  
We note that the PCE of our devices is low. The OPV device performance can be optimized by 
disrupting the aggregation and creating small domain sizes as they are the biggest culprit in reducing 
the PCE for our devices. Therefore, to disrupt aggregation and have small domain sizes, a ternary 
blend approach was applied. The hypothesis was mixing two SQs and PCBM in a solution, and then 
casting on the ITO coated glass slide should be able to disrupt the aggregation of individual SQs used 
in the ternary blend while maintaining the order in the blend so that charge transportation capabilities 






Chapter 4 Ternary blends 
4.1 Introduction 
After establishing that aggregation and extreme phase separation are detrimental for the device 
efficiency, in this chapter, we explore the creation of ternary blends using the four SQs to understand 
their relationship with each other better. The objective of creating ternary blends was to disrupt the 
aggregation of SQ dyes in thin films and then to analyze the effect on PCE and EQE of the devices. 
Absorbance study is a very useful tool to conclude if the aggregation is disrupted. It is known that the 
single-hump absorbance spectrum indicates the presence of monomers, and the double-hump indicates 
the presence of aggregates [16][48]. Therefore, if the ternary blend spectrum has a single hump when the 
blend uses SQs like DHSQ(OH)2 and DiPSQ(OH)2 which aggregate as soon they are spin-cast, then 
the aggregation has been disrupted in the ternary blend.  
4.2       Absorbance study of SQ aggregation in Ternary blends 
Absorbance measurements were applied to the binary and ternary blends of SQ: PCBM in solid-
state films. The comparison between the binary and ternary blend spectra can yield information about 
the intermolecular interactions in aggregates. Integrating the area under the absorption curve allows 
estimating the amount of absorbing substance present [88]. This will help us in comparing two different 
UV-Vis spectra and co-relating with J-V measurements.  
We compare the absorption spectra of four different ternary blends with the spectra of binary 
blends of individual SQs with PCBM in figure 20. Figure 20a compares the absorbance spectra for the 
DBSQ(OH)2 and DHSQ(OH)2  binary blend with PCBM and their ternary blend. DBSQ(OH)2 and 
DHSQ(OH)2 both pack in slip-stacked packing 
[16]. The single-hump of DBSQ(OH)2 and PCBM is 
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assigned to SQ monomer absorption, and we assign the double- hump absorption profile to strongly-
coupled SQ aggregates. The ternary blend spectrum shows a broad peak at 668 nm and a small 
shoulder at ~ 625nm. The absorbance spectra for the DHSQ(OH)2 and DiPSQ(OH)2  binary blend with 
PCBM and their ternary blend are shown in figure 20b. DiPSQ(OH)2 is assumed to pack in 
herringbone motif [73-74]. The double- hump absorption profile for both the binary blends is assigned 
to strongly-coupled SQ aggregates. The ternary blend has a broad peak at 672 nm and a shoulder at 
530 nm. The absorbance spectra for the DBSQ(OH)2 and DiBSQ(OH)2  binary blend with PCBM and 
their ternary blend are shown in figure 20c. The ternary blend spectrum shows a broad peak at 668 nm 
and a small shoulder at ~ 625nm. DiBSQ(OH)2 packs in the herringbone motif 
[72]. The single-hump 
of DiBSQ(OH)2 and PCBM is assigned to SQ monomer absorption. The absorbance spectra for the 
DiPSQ(OH)2 and DiBSQ(OH)2  binary blend with PCBM and their ternary blend are shown in figure 
20d. The ternary blend has a broad peak at 688nm and a small shoulder at ~ 625 nm, indicating the 




Figure 18 : Binary and ternary blend spectra of  (a) DBSQ(OH)2, DHSQ(OH)2, and PC61BM, (b) 
DiPSQ(OH)2, DHSQ(OH)2, and PC61BM (c) DBSQ(OH)2, DiBSQ(OH)2, and PC61BM (d) DiPSQ(OH)2, 
DiBSQ(OH)2, and PC61BM 
For the absorption spectra of all the ternary blends, there is very little absorption of H-
aggregates (550- 625 nm) in the ternary blend film, but a high absorbance 650-700 nm, suggesting 
that aggregation is completely disrupted in ternary blends. We attribute this disruption to the 
substantial mixing of PCBM buckyballs and SQs in the film. Therefore, the single peak in all ternary 





4.3       Organic Solar Cells Based on Ternary blends 
The OPV cells have been fabricated using SQ and PCBM in a device structure of ITO/MoO3/SQ: 
PCBM BHJ/Al. The BHJ active layer was deposited by spin-casting SQ solutions in chloroform with 
varying SQ1 to SQ2 ratios with a fixed SQ to PCBM concentration of 3:7. The active layers in the 
ternary blend are unannealed and compared to the unannealed binary blend OPV parameters.  
4.3.1 Ternary Blends with SQs having the same crystal structure 
4.3.1.1 DBSQ (OH) 2 , DHSQ (OH) 2,  PC61BM Blend  
DBSQ(OH)2 and DHSQ(OH)2 both have a slip-stacked crystal structure 
[16]. Upon introducing 
another SQ in binary blends of DBSQ(OH)2 and PCBM and DHSQ(OH)2 and PCBM, the PCE 
increased to 3.76% from 3.34% and 2.42% respectively (Table 3). This increase in PCE for the ternary 
blend is approximately 12-fold and 55-fold when compared to the binary blends of DBSQ(OH)2 and 
PCBM and DHSQ(OH)2 and PCBM respectively.  
Table 3: OPV Parameters of Averages of Best Performing Devices of Binary and ternary blend 









9.67 ± 0.39 0.81 ± 0.01 44.38 ± 0.02 3.34 ± 0.002 
DBSQ(OH)2: 
DHSQ(OH)2 : PCBM 
(1.5:1.5:7) 
8.71 ± 0.2 0.82 ± 0.007 51.13± .014 3.76 ± 0.009 
DHSQ(OH)2: 
PCBM (3:7) 




The increase in PCE is attributed to the large heterojunction phases provided by the finely mixed-
donors and acceptor in the ternary blend when compared to the binary blend. Table 3 shows that there 
is no change in Voc for all the blends. (~ 0.8 V). This is consistent with the assumption that alkyl chain 
length does not significantly perturb the electronic energy levels of these molecules. However, there 
are significant changes observed in FF and Jsc. 
The Jsc value (mA/cm
2) decreases from 9.67 to 8.71 as we go DBSQ(OH)2 -PCBM binary blend 
to the ternary blend (Table 3). The area under the absorption curve for the DBSQ(OH)2 -PCBM binary 
blend is 124 unit2,
 and the ternary blend is 94.02 unit2. This suggests that the ternary blend absorbs 
fewer photons than the DBSQ(OH)2 -PCBM binary blend and it could be one of the reasons that Jsc of 
the ternary blend was lower than the binary blend (see figure 20a). Another theory that could explain 
the decrease in Jsc, change is that the charge transport in the ternary blend is affected by the addition 
of the third component. It must be noted here that even though the two SQs used have similar structures 
and align in slip-stacked motif, the charge transport mechanism might still be different in the ternary 
blend depending on the morphology of the active layer (figure 15). This might decrease the charge 
transportation and reduce Jsc further.  
 Jsc  (mA/cm
2) reduces further from 8.71 to 6.47 as we go from the ternary blend to the DHSQ(OH)2 
– PCBM binary blend. It has been shown that SQs with double hump spectra of SQ and PCBM perform 
poorly when compared to SQs with single hump spectra with PCBM. The double hump spectrum 
indicates higher phase separation [16,48], which has been proved detrimental for the Jsc and eventually 
PCE of the solar cell devices. Here, as the DHSQ(OH)2 – PCBM binary blend is highly phase-
separated when compared to the ternary blend, drop in the value of Jsc is justified as we go from 
ternary blend to this binary blend.  
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It should also be noted that the ternary blend has a higher FF (table 3) than both the binary blends. 
The increase in FF is likely due to the increase in the interdigitation between the SQ and PCBM; the 
phases are well-mixed and, therefore, would increase the squareness of the J-V curve [46]. FF is also 
dependent on charge recombination, imbalance in charge mobilities, and internal resistance. All of 
these reasons can be ruled out as 1) charge recombination also affects Voc 
[91], and we do not see any 
difference in Voc of these blends 2) It has been shown that SQs have similar charge (hole) mobilities 
of the order of 10-4 cm2/V.s [16]. We infer that mixing two SQs should theoretically not change the 
charge mobility of the blend after charge dissociation at the interface. Therefore, imbalance in charge 
mobilities as a contributing factor in the change in FF can be ruled out. 3) Internal resistance similarly 
affects both Jsc and FF. It has been shown that FF and Jsc both decrease as the internal series resistance 
is increased in the active layer [24, 90]. Here, as Jsc increases as we are going from the binary DHSQ(OH)2 
– PCBM blend but FF is decreasing, this suggests that a change in internal resistance might not be the 
reason which is contributing to the change in FF. With this in mind, it can be concluded that Jsc and 
FF contributed the most to the changes observed in PCE of the devices.  
Figure 21 shows a pictorial representation of Jsc and PCE values for this ternary blend, where the 
ratio of the two SQs is changed, but the overall ratio of SQ to PCBM is maintained at 3:7. The blue 
dotted line is the tie line between the two blends. The tie line indicates the theoretical Jsc and efficiency 
when the two SQs are combined in different ratios with each other. If the efficiency goes below the 
tie line, it indicates that the ternary blend is worse than the binary blends in terms of Jsc and efficiency 
and vice versa. This experiment and graphs are shown for all four blends studied in this thesis.  
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Figure 19: Jsc and PCE of Best Performing Devices of DBSQ(OH)2, DHSQ(OH)2, and PC61BM ternary 
blend for different blend ratios. The blue dotted line is the tie line between the two blends. 
Going from left to right on the X-axis (for both graphs- figure 21), there is an increase in the 
percentage of DHSQ(OH)2 and a simultaneous decrease in the percentage of DBSQ(OH)2 in the 
ternary blend, keeping the percentage of PCBM constant.  We see an increase in values of both Jsc and 
PCE for all these ternary blends, which is what was expected from the UV-Vis spectrum. The UV-Vis 
spectrum for all ternary blends showed a similar spectrum, like the one shown for the 1.5:1.5:7 blend 
in figure 20. It indicates both low phase separation between SQ and PCBM and disruption of 
aggregation for all ternary blends. This leads to the improvement in Jsc and FF and therefore increase 
in the PCE of the device, as evident from figure 21.  
4.3.1.2 DiPSQ(OH)2, DiBSQ(OH)2,  PC61BM Blend  
DiPSQ(OH)2 and DiBSQ(OH)2 both have a herringbone crystal structure 
[72][74]. Upon introducing 
another SQ in binary blends of DiPSQ(OH)2 and PCBM and DiBSQ(OH)2 and PCBM, the PCE 
increased by 2.05% from 1.27% and 1.44% respectively (Table 4). The increase in PCE for the ternary 
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blend is approximately 61-fold and 42-fold when compared to the binary blends of DiPSQ(OH)2 and 
PCBM and DiBSQ(OH)2 and PCBM respectively.  
Table 4: OPV Parameters of Averages of Best Performing Devices of Binary and ternary blend 









4.81 ± 0.30 0.81 ± 0.02 36.34 ± 0.02 1.44 ± 0.04 
DiBSQ(OH)2: 
DiPSQ(OH)2 : PCBM 
(1.5:1.5:7) 
6.35 ± 0.2 0.80 ± 0.001 39.05 ± 0.02 2.05 ± 0.04 
DiPSQ(OH)2: 
PCBM (3:7) 
3.35 ± 0.30 0.81 ± 0.03 45.8 ± 0.004 1.27 ± 0.001 
 
The increase in PCE is attributed to the large heterojunction phases provided by the finely 
mixed-donors and acceptor in the ternary blend when compared to the binary blend. Table 4 shows 
that there is no change in Voc for all the blends. (~ 0.8 V). Jsc for the ternary blend is higher from both 
the binary blends. The Jsc value (mA/cm
2) increases from 3.35 to 6.35 as we go DiPSQ(OH)2 -PCBM 
binary blend to the ternary blend. This is because of higher phase separation between DiPSQ(OH)2 
and PCBM molecules in the binary blend [16, 48] that the interfacial area between the SQ and donor 
molecules is reduced, leading to lower Jsc. Jsc (mA/cm
2) goes down from 6.35 to 4.81 as we go from 
the ternary blend to the DiBSQ(OH)2 – PCBM binary blend. This is because DiBSQ(OH)2  forms 
amorphous domains in the blend [72], which leads to poor charge transportation, leading to lower Jsc 




Figure 20: Jsc and PCE of Best Performing Devices of DiPSQ(OH)2, DiBSQ(OH)2, and PC61BM 
ternary blend for different blend ratios. The blue dotted line is the tie line between the two blends. 
Going from left to right on the X-axis (for both graphs in figure 22), there is an increase in the 
percentage of DiBSQ(OH)2 and a simultaneous decrease in the percentage of DiPSQ(OH)2 in the 
ternary blend, keeping the percentage of PCBM constant.  We see an increase in values of both Jsc and 
PCE for all these ternary blends (except for 25% DiBSQ(OH)2 and 75% DiPSQ(OH)2 blend), which 
is what was expected from the UV-Vis spectrum because of both low phase separation and disruption 
of aggregation in the ternary blends. It indicates both low phase separation and disruption of 
aggregation for all ternary blends. This leads to the improvement in Jsc and therefore increase in the 
PCE of the device.  In summary, ternary blends with SQs having the same crystal structure, shown an 
increase in Jsc and PCE. The increase in the ternary blend is accounted to the disruption in aggregation 







4.3.2    Ternary Blends with SQs having different crystal structures 
4.3.2.1 DBSQ(OH)2, DiBSQ(OH)2,  PC61BM Blend  
DBSQ(OH)2 has a slip-stacked packing motif 
[16]
 and DiBSQ(OH)2 has a herringbone motif 
[72]. 
Upon introducing DiBSQ(OH)2 in binary blends of DBSQ(OH)2 and PCBM, the PCE decreased to 
2.22% from 3.34% (table 5). However, an increase in PCE is observed when the ternary blend (2.22%) 
is compared to the binary DiBSQ(OH)2 and PCBM blend (1.44%).  
Table 5: OPV Parameters of Averages of Best Performing Devices of Binary and ternary blend 













6.19 ± 0.2 0.80 ± 0.02 41.03 ± .016 2.22 ± 0.001 
DiBSQ(OH)2: 
PCBM (3:7) 
4.81 ± 0.30 0.81 ± 0.02 36.34 ± 0.02 1.44 ± 0.04 
 
The decrease in the PCE of the ternary blend stems from lower Jsc and FF when compared to the 
binary DBSQ(OH)2 and PCBM blend. The Jsc value (mA/cm
2) decreases from 9.67 to 6.19 as we go 
DBSQ(OH)2 -PCBM binary blend to the ternary blend (Table 5). Although, both the blends have a 
broad peak at ~ 670-685 nm and a shoulder at ~ 625nm, indicating that they are well-mixed blends, 
the area under the absorption curve is less for the ternary blend (95.40 unit2) than DBSQ(OH)2 – 
PCBM binary blend (124.34 unit2) (figure 20). This indicates that the ternary blend absorbs fewer 
photons than the binary DBSQ(OH)2 blend, generating fewer excitons and therefore reducing the Jsc. 
Also, we posit that 𝜂CT should be better for DBSQ(OH)2 – PCBM binary blend than the ternary blend 
58 
 
as the ternary blend has two different types of SQs that pack in different ways. This might create 
amorphous domains in the ternary blend than the DBSQ(OH)2 – PCBM binary blend, which might 
decrease the charge transportation and reduce Jsc.  
Jsc (mA/cm
2) is further reduced from 6.19 to 4.81 as we go from the ternary blend to the 
DHSQ(OH)2 – PCBM binary blend. This is because it is known that DiBSQ(OH)2  forms amorphous 
domains in the unannealed blend [72], which leads to poor charge transportation, leading to lower Jsc. 
 
Figure 21: Jsc and PCE of Best Performing Devices of DBSQ(OH)2, DiBSQ(OH)2, and PC61BM 
ternary blend for different blend ratios. The blue dotted line is the tie line between the two blends. 
 Going from left to right on the X-axis (for both graphs in figure 23), there is an increase in the 
percentage of DiBSQ(OH)2 and a simultaneous decrease in the percentage of DBSQ(OH)2 in the 
ternary blend, keeping the percentage of PCBM constant.  We see that ternary blends have a higher Jsc 
and values than DiBSQ(OH)2 and PCBM blend but not higher than the DBSQ(OH)2 and PCBM blend. 
One theory that could explain this change is maybe the charge transport in the ternary blend is affected 
by the addition of the third component. Noting that the two SQs used have different structures and 
align in different packing motifs; therefore, the charge transport mechanism might be different for the 
59 
 
blend. This might decrease the charge transportation and reduce Jsc further. Also, the area under the 
curve for ternary blends is less than the binary DBSQ(OH)2 and PCBM suggesting that more photons 
were absorbed by the DBSQ(OH)2 and PCBM binary blend than the ternary blend and therefore the 
binary blend has higher 𝜂abs. 
4.3.2.1 DHSQ(OH)2, DiPSQ(OH)2,  PC61BM Blend  
DHSQ(OH)2 has a slip-stacked packing motif 
[16]
 and DiPSQ(OH)2 has a herringbone motif 
[74]. 
Upon introducing DiPSQ(OH)2 in binary blends of DHSQ(OH)2 and PCBM, the PCE decreased to 
1.76% from 2.42% (table 6). However, an increase in PCE is observed when the ternary blend (1.76%) 
is compared to the binary DiPSQ(OH)2 and PCBM blend (1.27%).  
Table 6: OPV Parameters of Averages of Best Performing Devices of Binary and ternary 









6.47 ± .383 0.81 ± 0.01 48.9 ± 0.015 2.42 ± .003 
DiPSQ(OH)2: 
DHSQ(OH)2 : PCBM 
(1.5:1.5:7) 
4.26 ± .191 0.79± 0.013 51.89± .003 1.76 ± 0.11 
DiPSQ(OH)2: 
PCBM (3:7) 
3.35 ± 0.30 0.81 ± 0.03 45.8 ± 0.004 1.27 ± .001 
 
The decrease in the PCE of the ternary blend stems from lower Jsc and FF when compared to 
the binary DHSQ(OH)2 and PCBM blend. The Jsc value decreases from 6.47 to 4.26 as we go 
DHSQ(OH)2 -PCBM binary blend to the ternary blend (Table 6) even though it is visible from the 
UV-vis spectrum (figure 20) that the area under the curve for the ternary blend (115.59 unit2) is more 
than  DHSQ(OH)2 – PCBM blend (95 unit
2) suggesting ternary blend absorbs more photons than the 
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DHSQ(OH)2 – PCBM blend. This suggests that ternary blend has high 𝜂abs but has low 𝜂ED, 𝜂CT or 𝜂cc 
or all of these processes when compared to the binary DHSQ(OH)2 – PCBM blend. Jsc further reduces 
from 4.26 to 3.35 as we go from the ternary blend to DiPSQ(OH)2 – PCBM binary blend. This can be 
attributed to higher phase separation between DiPSQ(OH)2 and PCBM molecules in the binary blend 
[16,48] that the interfacial area between the SQ and donor molecules is reduced, leading to lower Jsc
 
Figure 22: Jsc and PCE of Best Performing Devices of DiPSQ(OH)2, DHSQ(OH)2, and PC61BM 
ternary blend for different blend ratios. The blue dotted line is the tie line between the two blends. 
Going from left to right on the X-axis (for both graphs in figure 24), there is an increase in the 
percentage of DiPSQ(OH)2 and a simultaneous decrease in the percentage of DHSQ(OH)2 in the 
ternary blend, keeping the percentage of PCBM constant. We can see that ternary blends have a higher 
Jsc and PCE values than DiPSQ(OH)2 and PCBM blend but not higher than the DHSQ(OH)2 and 
PCBM blend. This indicates both low phase separation and disruption of aggregation in the ternary 
blend, but aggregation is not the only criterion for higher Jsc and eventually PCE. In summary, ternary 
blends with SQs having different crystal structures shown an increase in Jsc and PCE when compared 
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to the binary blends involving SQs that pack in herringbone motif and show a decrease in Jsc and PCE 
when compared to the binary blends involving SQs slip-stacked packing.  
4.4      EQE Measurements on Ternary Solar Cell Devices 
We compare the absorption spectra for four different ternary blends and their EQE spectra in figure 
25. Figure 25a compares the EQE and absorption spectra of the ternary blend DBSQ(OH)2, 
DHSQ(OH)2 and  PC61BM. The EQE spectrum complements the absorption spectrum. We observe a 
broad peak at 688 nm in the EQE spectrum (figure 25a) which can be assigned to SQs, and the peak 
at 388 nm is assigned to PCBM. The peak height for SQs is higher than the peak height of PCBM for 
both absorbance spectra and EQE spectra. Therefore, the EQE spectra suggest that the SQs are more 
efficient in all the processes involving the conversion of the exciton to free charges. The EQE spectrum 
has a maximum EQE value of 0.44.  
The EQE and absorption spectra of the blend DiPSQ(OH)2, DHSQ(OH)2 and  PC61BM are 
compared in figure 25b. The EQE spectrum complements the absorption spectrum. The EQE spectrum 
has two peaks, one at 334 nm is assigned to the EQE generated by PCBM and another one at 672 nm 
assigned to the EQE generated by the SQs. The absorbance spectrum shows that the absorbance of 
PCBM is lower than of SQ; however, the peak height for SQ in EQE is comparable to PCBM. This 
suggests that PCBM might be more efficient in exciton dissociation (𝜂ED), charge dissociation (𝜂CD) 
and charge transfer (𝜂CT) than the SQs in this blend. Also, knowing that DiPSQ(OH)2 contributes an 
insignificant amount when compared to other SQs to EQE (figure 18c), the EQE in SQ region in the 
ternary blend is mostly contributed by DHSQ(OH)2 and not DiPSQ(OH)2. The EQE spectrum has a 
maximum EQE value of 0.201.  
Figure 25c compares the EQE and absorption spectra of the blend DBSQ(OH)2, DiBSQ(OH)2 and  
PC61BM. EQE spectrum complements the absorption spectrum.  EQE for this blend has two peaks – 
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400nm assigned to PCBM and a broad peak ( 640- 720 nm) assigned to SQ. The peak height for SQs 
is higher than the peak height of PCBM for both absorbance and EQE. Therefore, EQE suggests that 
the SQs are more efficient in all the processes involving the conversion of the exciton to free charges. 
It has a max. EQE value of 0.327.  
 
Figure 23: UV-Vis absorbance and EQE of four different ternary blends. 
The EQE and absorption spectra of the blend DiPSQ(OH)2, DiBSQ(OH)2 and  PC61BM are 
compared in figure 25d. EQE spectra complement the absorption spectrum. EQE spectrum has two 
peaks – 380 nm assigned PCBM peak and a peak at 692 nm assigned to the SQ peak. It has a max. 
EQE value of 0.327. The peak height for SQs is higher than the peak height of PCBM for both 
absorbance and EQE. Therefore, EQE suggests that the SQs are more efficient in all the processes 
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involving the conversion of the exciton to free charges. However, knowing that DiPSQ(OH)2 
contributes an insignificant amount when compared to other SQs to EQE (figure 18c), the EQE in SQ 
region in the ternary blend is mostly contributed by DiBSQ(OH)2 and not DiPSQ(OH)2.  
4.5     Conclusion 
 In this chapter, we demonstrated the successful application of ternary blends in OPV devices. 
It was observed that all ternary blends show disruption of aggregation and the presence of monomers 
inferred by the single broad peak in the absorption spectrum. It was also observed that ternary blends 
with SQs having the same crystal structure showed an increase in efficiency with respect to binary 
blends of the same SQs. However, ternary blends with SQs having different crystal structures showed 
an increase in efficiency with respect to the binary blend involving SQs, that pack in herringbone 
packing and a decrease in efficiency with respect to the binary blend involving SQs, that pack in slip-
stalked packing. Lastly, we found that the EQE spectra of the ternary blend always follows the 










Chapter 5 – Summary and Conclusions 
This work is a preliminary study to explore the effect of aggregation on device characteristics.  It 
is known that SQs aggregate in pure phase. We provide a series of speculations and interpretations to 
explain the data observed. We hypothesized that mixing two SQs and PCBM in a solution should be 
able to disrupt the aggregation while maintaining the order in the blend so that charge transportation 
capabilities are not perturbed, consequently, leading to higher Jsc values and therefore, higher PCE 
(equation 2). As such, we explored ternary blends of SQs and PCBM in accordance with our 
hypothesis. It was observed that aggregated SQs (DHSQ(OH)2 and DiPSQ(OH)2 ) perform poorly 
when compared with the non-aggregated SQs (DBSQ(OH)2 and DiBSQ(OH)2) in terms of Jsc and PCE. 
Aggregated SQs are more phase-separated [16] than the non-aggregated SQs, and we corroborate 
experimental literature suggesting phase separation and PCE are inversely proportional [16] to each 
other.  
It was also observed that SQs that pack in slip-stacked packing (DHSQ(OH)2 and DBSQ(OH)2) 
are more efficient (higher Jsc and PCE) than the SQs which pack in herringbone packing (DiBSQ(OH)2 
and DiPSQ(OH)2, a result that is consistent with the literature 
[16,72,73,74]. It has been reported that SQs 
that pack in herringbone structure have randomly oriented molecules in the film until they are annealed 
[72]. In general, we observed the order of PCE of SQs with PCBM is : DBSQ(OH)2  > DHSQ(OH)2 > 
DiBSQ(OH)2 > DiPSQ(OH)2. This order is different from the miscibility order with PCBM that was 
obtained from the water contact angle measurements: DiBSQ(OH)2  > DBSQ(OH)2 > DiPSQ(OH)2 > 
DHSQ(OH)2. This suggests that while considering factors that affect the efficiency of SQ based 
devices, the extent of phase separation is a more important factor than miscibility.  
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EQE measurements were also performed on these devices. We hypothesise that H-aggregates 
are the reason for the low efficiencies of our devices. Consequently, the presence of aggregates would 
decrease the EQE at wavelengths where the aggregates absorb, allowing us to conclude that aggregates 
are bad for device efficiency. Collectively, from all the blends observed in this work, we observe that 
the hypothesis could not be confirmed using EQE measurements. EQE spectra always followed the 
absorption spectra (except in the case of DiPSQ(OH)2: PCBM blend) for binary and ternary blends. 
There was no dip in EQE observed where the aggregates absorb. This suggests that H-aggregates 
might not be bad for the efficiency of our devices. EQE for DiPSQ(OH)2: PCBM blend was extremely 
low when compared to other SQ: PCBM blends for the reasons that remain unclear to us.  
There exists a need to probe this system further to better understand the effect of SQ 
aggregation on device efficiency, and we provide suggestions for follow-up work, given that a 
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